Abstract-In this paper, the propagation of ultra-wideband (UWB) pulse based on time reversal (TR) technique is studied by finitedifferent time-domain method in indoor environment.
INTRODUCTION
From the view of electromagnetics, ultra-wideband (UWB) wireless communication uses short pulse to transmit data, at the same time, occupies wide spectrum. Because of its high data rate, big capability and ability to anti-interference, UWB communication becomes a hot spot of research and is considered as one of the important candidates for next generation wireless communication [1] [2] [3] [4] [5] [6] . Generally, UWB commutation is utilized to transmit data in short distance, such as in offices or other indoor environments. Rich multi-path scattering is generated by complex application surrounding, which results in a serious problem: Inter-Symbol Interference (ISI). ISI together with Co-Channel Interference (CCI) are two important factors to influence the performance of UWB wireless communication [7] [8] [9] .
Recently, a novel technique, i.e., Time Reversal (TR) mirror, is introduced into UWB communication system to further improve performance [10] [11] [12] [13] . In TR UWB communication, wireless signal transmission includes two steps: (I) the field radiation by source is initially recorded at a transducer antenna; then (II) it is time-reversed and retransmitted by the same antenna acting as a TR mirror. The resulting wave refocuses at the initial source position (spatial focusing) and is compressed into a pulse (time compression). Actually, TR mirror is a time-spacing matching filter technique. Time compression and spatial focusing of transmitted electromagnetic pulses are resulted from the TR process [14] . This unique property reduces not only ISI but also CCI in UWB communication [15] .
In traditional UWB communication, the space information is only differentiated by the distance between transmitter and receiver, which has been revealed by IEEE UWB channel modeling suitable for the frequencies within 3.1 GHz-10.6 GHz [16] . However, it is very difficult to analyze TR UWB communication roundly and deeply using those previous technologies because one of the most important potentials of TR UWB communication is to utilized space information to realize perfectly the concept of Space Division Multiple Access (SDMA). Many challenges are encountered in the study of TR communication. TR mirror is presented based on reciprocity theorem and applied into underwater acoustic communication firstly [17] . Some efforts have been carried out to investigate TR electromagnetic wave [18] . Based on existing studies, we can draw a conclusion that one has only an abecedarian understanding on TR UWB communication and a deeper understanding in TR electromagnetism is needed to exploit the application potential in wireless communication. To avoid timeconsuming and expensive experiments, numerical simulation based on computational electromagnetics methods is an alternative approach to study TR electromagnetic wave for UWB wireless signal transmission.
In this paper, the finite-different time domain (FDTD) method is applied to simulate the propagation characteristic of TR UWB electromagnetic wave in indoor environment [19] [20] [21] . The characteristics of time compression and spacing focusing of TR UWB signals are analyzed, and UWB signal transmissions for TR UWB communication are studied numerically to demonstrate its potential applications.
GEOMETRY OF COMMUNICATION ENVIRONMENT
The selected communication environment for simulation is a simplified office. Figure 1 
SIMULATIONS AND DISCUSSIONS

UWB Electromagnetic Pulse Source in Simulation
FDTD method is used to simulate UWB wireless signal propagation in present communication environment. In order to explore the pulse response between base station antenna and user's antenna, the user's antenna emits a short pulse, and the response is recorded by base station antenna. The short pulse source transmitted by users' antennas is a Gaussian pulse:
where t 0 = 1. ns and τ = 0. ns are chosen in this simulation. The frequency with −10 dB attenuation in Gaussian pulse spectrum is about 1.0 GHz. We select this frequency band to make sure that the whole communication environment can be simulated by FDTD method. During the course of simulation, the space steps along x-, yand z-axis are ∆x = ∆y = ∆z = 0.025 m. The computational domain is divided into N x ×N y ×N z = 160×240×160 cells. Time step of ∆t = 48.1458 ps is selected to satisfy stability condition. The time width of Gaussian pulse is about 60∆t. The ideal dipoles occupied one grid in the x-direction are used as transmitter or receiver antennas. we must mention that the low frequency components of Gaussian pulse can be filtered in FDTD simulation automatically.
Point-to-point UWB Signal Transmission Simulation
Firstly, we simulate a point-to-point communication case. As a example, the link between Antenna 0 and Antenna 2 is analyzed numerically. User 2 emits a short pulse, the pulse response is recorded by base station antenna. Then the recorded waveform is time-reversed and transmitted by Antenna 0. The resulting wave travels back and the corresponding response is received by User 2 finally. The normalized response is plotted in Fig. 2(a) . The field distribution on the horizontal plane above ground 1.0 m at the peak time of the recovered response is showed in Fig. 3 . For comparison, the normalized channel response of Gaussian pulse itself in the selected communication link is shown in Fig. 2(b) . The FDTD simulation indicates that the Gaussian pulse response converges well enough at t = 10000∆t. Based on Figs. 2 and 3, it can be noticed that at User 2, the channel response of TR signal gets its peak and decline very quickly in time and spacing. This phenomenon is called as time-compression and spatial focusing of TR electromagnetic wave. Propagations of TR waveform strings between Antenna 0 and Antenna 2 are also simulated. The TR waveform string formed by the isolated time-reversed pulse response waveforms (with periodicity of 10000∆t) is transmitted by Antenna 0 and the normalized response recorded by User 2 is shown in Fig. 4(a) . Then, the time-reversed Step(48.1458ps/step) (b) Figure 5 . The normalized response of waveform stings with periodicity of 600 time steps; (a) for TR waveform, and (b) for Gaussian pulse.
However, bad ISI performance can be found when Gaussian pulse waveform is used as a template and transmitted with a small periodicity. Fig. 5 indicates that when the periodicity is ten times time width of Gaussian pulse the amplitude of response peak has about 50% increasing (from 0.65 to 1) by ISI in traditional UWB communication, but only 3% fluctuation is observed in TR case. Especially, Fig. 6 shows that an acceptable anti-ISI performance can be obtained still even if the repeat periodicity of TR waveforms is the same as the time width of Gaussian pulse, but it is unacceptable to use such short periodicity in traditional scheme. These studies imply that higher data rate can be obtained more conveniently in TR UWB communication, Step(48.1458ps/step) (b) Figure 6 . The normalized response of waveform stings with periodicity of 60 time steps; (a) for TR waveform, and (b) for Gaussian pulse.
and compared with traditional UWB receiver, the receiver structure of TR UWB communication system can be simplified because the complex rake selection receiving is not needed.
Multi-user UWB Signal Transmission Simulation
Multi-user TR communication issue is simulated in this subsection. Three users with long distance, i.e., User 1, User 2, and User 3, are selected to demonstrate the electromagnetic interferences among them in present communication environment. In the first step, Gaussian pulse responses between base station antenna and users' antennas are calculated and recorded, respectively. These responses are timereversed and used as respective signal element template for different users. In order to identify the interferences directly, the Time-Hopping Pulse Position Modulation (TH-PPM) scheme is used to modulate the time-reversed waveform strings. Fig. 7(a), Fig. 8(a) and Fig. 9(a) show three sequences modulated by TH-PPM codes for three users in one TH code periodicity, respectively. The modulated time reversed waveform strings are added together and transmitted by base station antenna simultaneously. The received signals by User 1, User 2, and User 3 are shown in Figs. 7(b), 8(b) and 9(b) , respectively. The simulated interference peak values resulted from other users are extracted and listed in Table 1 .
Sequentially, the electromagnetic interferences among close users are studied in TR UWB system. In LOS case, the electromagnetic interference to User 1 is observed. Three additional users are set near Antenna 1 with distances of d = 30 cm, 15 cm and 7.5 cm, respectively, they correspond to one wavelength, half of wavelength and quarter wavelength at the upper limit frequency of Gaussian pulse. Fig. 10 shows the interference to User 1 from near users in one TH code periodicity. User 2 and User 3 are used as samples for NLOS case. Three additional users are set around User 2 and User 3, respectively, and the additional users are set like in LOS case. Similarly, the electromagnetic interferences to User 2 and User 3 are simulated Table 1 . Table 1 , it can be found directly that the channels' correlation is weak when the distance between users is large enough, typically, one wavelength at the upper limit frequency of Gaussian pulse. The electromagnetic interference between users is still acceptable even if the distance between users equals to half of wavelength at the upper limit frequency of Gaussian pulse. The interferences among User 1, User 2 and User 3 are simulated in traditional UWB communication. The results show that the electromagnetic interfaces are very serious even if the distance between users is long. As a typical example, Fig. 13 shows the recorded signal response by User 3 when Gaussian pulse template is adopted. Based on these results, on can see that a better anti-CCI performance can be obtained and the communication capability can be increased dramatically due to combining TR mirror concept into traditional UWB communication. 
CONCLUSIONS
TR UWB signal has a propagation property of time compression and spatial focusing. In this paper, this unique property is simulated firstly by the FDTD method in indoor environment. Then the FDTD method is used to simulate UWB signal transmission based on TR technique in point-to-point communication case. The studies indicate higher data rate can be obtained in TR UWB communication system compared with the traditional one. Finally, the case of TR multi-user communication is analyzed by electromagnetic simulation. In our examples, one can observe that when the distance between different users is larger than one wavelength at the maximum frequency of Gaussian pulse the communication links for them are almost independent each other due to combining TR technique into traditional UWB communication system. The studies indicate that there is a huge potential to improve the communication capability in TR UWB communication. 
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